Background: Recent interest has focused on the potential use of serial interferon gamma (IFN-γ) release assay (IGRA) measurements to assess the response to anti-tuberculous (TB) treatment. The kinetics of IFN-γ responses to Mycobacterium tuberculosis (MTB) antigens in HIV-infected children during treatment have not however been previously investigated.
Background
Interferon gamma (IFN-γ) release assays (IGRA) based on the in vitro T cell responses to Mycobacterium-tuberculosis (MTB)-specific antigens have the potential to improve the diagnosis of tuberculosis (TB) [1] . An increasing body of evidence, predominantly in immunocompetent adult populations, shows that IGRA (either whole blood based (for example, QuantiFERON-TB Gold assay) or enzyme-linked immunospot (IFN-γ ELISpot), (for example, T.SPOT.TB assay) have a similar sensitivity to that of the tuberculin skin test (TST) (between 70-90%) and a higher specificity for the detection of active TB disease [2] . IGRA have also been shown to have higher sensitivity compared to TST for the detection of active TB disease in HIV-infected persons, with the IFN-γ ELISpot appearing to be superior to QuantiFERON-TB Gold in this setting [3] .
There is much less data on the use of either IGRA in children and the sensitivity of the IFN-γ ELISpot and QuantiFERON-TB Gold for the detection of active TB disease [4, 5] and latent TB infection [6, 7] in young children has been questioned [8] [9] [10] [11] . However, in HIVinfected children, in whom the performance of the TST is impaired, studies have shown an IFN-γ ELISpot to have higher sensitivity than the TST for the detection of active TB disease [12, 13] .
In addition to their use as an adjunctive test for the diagnosis of active TB disease in adults and children, emerging data suggest a potential role for IGRA in monitoring the response to anti-tuberculous treatment. Animal and human studies have shown a relationship between the mycobacterial bacillary load and the magnitude of IFN-γ responses to MTB-antigens [14, 15] . It has therefore been postulated that a decrease in the magnitude of IFN-γ responses to MTB-specific antigens can be used as a surrogate marker of treatment success [16] . However, studies using serial QuantiFERON-TB Gold or IFN-γ ELISpot assays measurements in adults taken during treatment of either latent TB infection [17] [18] [19] or active TB disease [14, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] in various epidemiological settings have shown conflicting results with IFN-γ responses decreasing [17, 18, 20, 22, 25, 26] , increasing [23, 24, 29, 30] or remaining unchanged [21, 28] in response to treatment.
Only three studies have investigated the kinetics of IFN-γ responses to MTB-specific antigens in children (two with an IFN-γ ELISpot and one with QuantiF-ERON-TB Gold In Tube assay) [31] [32] [33] and no study has investigated IFN-γ responses to MTB-antigens during anti-tuberculous treatment in HIV-infected children.
As part of a prospective study evaluating the usefulness of an IFN-γ ELISpot assay in HIV-infected children with suspected TB [12] , we investigated the kinetics of T cell responses to MTB-antigens in a subset of HIV-infected children with definite or probable TB during anti-tuberculous treatment. We hypothesized that successful antituberculous treatment would be accompanied by a reduction in the magnitude of the IFN-γ ELISpot response to MTB-antigens in HIV-infected children with definite or probable TB that may result in reversion (from positive to negative) of the IFN-γ ELISpot assay. The aim of the study was to determine the potential clinical utility of serial IFN-γ ELISpot assay measurements to assess the response to treatment in HIV-infected children in a high TB incidence area.
Methods

Patients
The study was approved by the University of Cape Town Research Ethics committee (Rec No. 451/2005) . The study population comprised the 22 children with definite TB and 24 children with probable TB identified from 102 HIV-infected children with suspected TB in a previously published study [12] . Written witnessed informed consent was obtained from a parent in their preferred language. All children were prospectively recruited from Red Cross Children's Hospital, Cape Town, South Africa (estimated TB incidence rate 1600/100,000) [34] ) between April 2006 and May 2007. HIV-infected children were classified as having definite or probable TB based on a combination of well-defined clinical and microbiological criteria [12] . Definite TB was defined as isolation of M. tuberculosis from culture or the detection of acid-fast bacilli on microscopy of an appropriate site-specific clinical sample. Probable TB was defined as symptoms suggestive of TB and at least two of the following: TB contact, chest radiograph findings consistent with TB and good response to TB treatment. An IFN-γ ELISpot assay was done prior to, and after one, two and six months of anti-tuberculous treatment.
The IFN-γ ELISpot assay was performed as previously described [12] . Briefly, peripheral blood mononuclear cells were stimulated with early secretory antigen target-6 (ESAT-6; a pool of 15-mer peptides overlapping by 10 amino acids, Peptide Protein Research UK; final concentration 5 μg/ml/peptide), culture filtrate protein 10 (CFP-10, a pool of 15-mer peptides overlapping by 10 amino acids, Peptide Protein Research, UK; final concentration 5 μg/ml/peptide) and purified protein derivative (PPD, Evans Vaccines PL00039/0439, final concentration 200 units/ml). No antigen was added to the negative control well. Anti CD3 mAb CD3-2 (Mabtech) at a final concentration of 100 ng/ml was included as a positive control. Mean IFN-γ responses to each of the antigens and controls were calculated after subtraction of background IFN-γ responses obtained from the negative control wells. IFN-γ responses were expressed as spot forming cells (SFCs)/million (10 6 ) PBMC. The IFN-γ ELISpot was considered positive if the number of SFCs in the antigenstimulated wells was greater than or equal to 5 SFCs/2 × 10 5 (25 SFCs/10 6 ) above the background response, and, in cases where the background response was greater than or equal to 10 SFCs, more than twice the background response.
Statistical analysis
Data were analysed using Prism Graphpad v5 (Graphpad software, Inc, San Diego, California, USA). The MannWhitney U test was used to compare nonparametric unpaired data. The median number of SFCs at each time point was compared using the Kruskal-Wallis test. Paired data were compared using the Wilcoxon signed rank test. A Fisher's exact or Chi-squared test was used to compare proportions when test results were analysed as dichotomous outcomes.
Results
The demographic details of the patients included in the study are shown in Table 1 . Of the 22 children with definite TB, MTB culture was positive in 20 (91%). In the two remaining children AFB were seen on site-specific clinical specimens but cultures were negative. At diagnosis, 12 (26%) children with definite or probable TB were on antiretroviral treatment (ART). A further eighteen (39%) children commenced ART during the study period.
At least one follow up IFN-γ ELISpot assay result was available for 31 (67%) of the 46 children with definite or probable TB. The number of children with definite or probable TB that had a repeat IFN-γ ELISpot at each of the three time points is shown in Figure 1 . Of the 22 children with definite TB, 21 (95%) had an interpretable IFN-γ ELISpot assay result. Of these 21 children, 15 (71%) had a positive response to at least one of the MTB-antigens ESAT-6, CFP-10 or PPD at presentation and 17 (81%) children returned for at least one follow up IFN-γ ELISpot assay during anti-tuberculous treatment. Of the 24 children with probable TB, 18 (75%) had an interpretable IFN-γ ELISpot assay result. Of these 18 children, 12 (75%) had a positive response to at least one of the MTBantigens ESAT-6, CFP-10 or PPD at presentation and 14 (58%) children returned for at least one follow up IFN-γ ELISpot assay during anti-tuberculous treatment. Of the six children with probable TB whose initial IFN-γ ELISpot assay yielded an indeterminate result, two had a persistently elevated background IFN-γ response that rendered the IFN-γ ELISpot assay result indeterminate on at least two follow up time points.
At presentation, there was no difference in the proportion of children with a positive IFN-γ ELISpot between those who had received prior TB treatment and those who had not (5/11 vs. 20/28, p = 0.15). In children with definite or probable TB, there was no difference in the median (interquartile range) CD4% between children with a positive IFN-γ ELISpot compared to those with a negative IFN-γ ELISpot (positive 19.12 (10.0-35.5) vs negative 19.7 (13.6-31.1), p = 0.78).
In the group of children with definite or probable TB who had a positive IFN-γ ELISpot at presentation, there was a significant change in median IFN-γ responses to MTB-antigens during anti-tuberculous treatment (Table  2 and In children with definite or probable TB and a positive IFN-γ ELISpot at presentation, there was a decrease in (Table 1) . Of 12 children with definite or probable TB that were IFN-γ ELISpot negative at presentation, 6 (50%) became IFN-γ ELISpot positive (i.e. converted rather than reverted) at one point or more during anti-tuberculosis treatment, the rest remaining persistently IFN-γ ELISpot negative during follow-up. The IFN-γ responses at various time points during anti-tuberculous treatment in these children are shown in Figure 3 (Panel A, B and C).
Discussion
Our study is the first to describe the kinetics of IFN-γ responses to MTB-antigens during anti-tuberculous treatment in HIV-infected children. We have shown that, in HIV-infected children with definite or probable TB in whom the result of an IFN-γ ELISpot assay is positive at presentation, anti-tuberculous treatment is accompanied by a significant decrease in both the magnitude of the IFN-γ response to MTB-antigens and in the proportion of children with a positive ESAT-6 or CFP-10 response following six months of anti-tuberculous treatment. We have also shown that in some children, anti-tuberculous treatment is accompanied by a transient increase in the IFN-γ ELISpot to MTB-antigens. The clinical usefulness of serial IFN-γ ELISpot measurements for assessing a successful curative response to anti-tuberculous treatment in this setting is, however, questionable as almost half of the children had a positive IFN-γ ELISpot assay result at the completion of anti-tuberculous treatment.
A small number of previous studies in HIV-uninfected children have provided preliminary data on the effect of anti-tuberculous treatment on IFN-γ responses to MTBantigens in young children [31] [32] [33] . In a cohort of South African children Nicol et al found an increased IFN-γ ELISpot response to PPD one month after starting antituberculous treatment followed by a subsequent decline after three and six months [33] . In a more recent study in French children, Hermann et al reported a decrease in the magnitude of IFN-γ responses (measured using QuantiFERON-TB Gold In Tube (QFT-GIT)) during anti-tuberculous treatment but found no difference in the proportion of children that had a positive assay result at the completion of treatment compared to baseline [32] . Specifically, of 32 children with active TB, 25 had a QFT-GIT at baseline and 6 months. Although there was a reduction in the magnitude of the IFN-γ ELISpot response to MTB-specific antigens in these children with treatment, the number (proportion) of children with a positive QFT-GIT assay result was not significantly different (21/25 (84%) at baseline vs. 18/25 (72%) at 6 months, p = 0.5).
In a TB contact investigation, Ewer et al documented a decrease in the magnitude of IFN-γ ELISpot responses to ESAT-6 and CFP-10 in 38 TST-positive adolescents following three months of TB preventive treatment of latent TB infection. In this study, 32 (84%) adolescents remained IFN-γ ELISpot positive 15 months beyond the completion of treatment [31] .
The findings of our study in HIV-infected children and the studies in HIV-uninfected children described above are consistent with data in similar studies in adults. These studies indicate that the kinetics of IFN-γ responses to MTB antigens during anti-tuberculous treatment are not consistent. Of the studies that have reported serial IGRA (whole blood or IFN-γ ELISpot assay) measurements prior to, during or at the completion of treatment of active TB disease in adults, four have shown an increase [23, 24, 29, 30] and six a decrease [20, 22, [25] [26] [27] 35] in the magnitude of the IFN-γ responses. For example, Ferrand et al investigated the IFN-γ ELISpot response to ESAT-6 at presentation, during and at the completion of antituberculous treatment in patients with pulmonary TB [24] . In this study IFN-γ ELISpot responses to ESAT-6 were higher at the completion of anti-tuberculous treatment than at presentation. Similarly, Ulrichs et al documented the IFN-γ ELISpot response to ESAT-6 in 10 adult patients with pulmonary TB prior to and 60 days after starting anti-tuberculous treatment [29] . In these 10 patients, the median IFN-γ ELISpot response to ESAT-6 was significantly higher at 60 days compared to baseline IFN-γ responses.
In contrast, Aiken et al documented a reduction in the magnitude of the IFN-γ ELISpot response to ESAT-6 and CFP-10 respectively in response to anti-tuberculous treatment in almost 80% of patients with culture proven tuberculosis [20] . However, in agreement with the findings from our study, over half of the patients in this study had a positive IFN-γ ELISpot assay result at the completion of anti-tuberculous treatment. In an Indian study, Katiyar et al investigated the kinetics of the IFN-γ responses to ESAT-6, CFP-10 and TB 7.7 during antituberculous treatment in 79 adults with confirmed TB by repeating a QFT-GIT assay at two and 6 months [25] . In this study, there was a progressive reduction in the magnitude of the IFN-γ response during anti-tuberculous treatment. The number (proportion) of patients with a positive QFT-GIT assay result at presentation, two and 6 months was 72 (91%), 46 (59%) and 37 (47%) respectively. In another study in adults, Carrara et al documented a decrease in the IFN-γ ELISpot response to ESAT-6 following three months of anti-tuberculous treatment in 13 of 18 patients with culture confirmed TB that had a favourable response to treatment [22] . Notably, in the five remaining patients, all of whom were persistently culture positive at three months, a reduction in the magnitude of the IFN-γ ELISpot response to ESAT-6 was observed but the IFN-γ ELISpot assay result remained positive. Although various epidemiological factors may have influenced the results of these longitudinal studies in adults, the most consistent finding is a reduction in the magnitude of the IFN-γ response to MTB-antigens during antituberculous treatment. However in many cases, this reduction does not result in a reversion of the IGRA result.
In the current study, almost one third of children with confirmed TB had a negative IFN-γ ELISpot at presentation. Despite the reported sub-optimal sensitivity of IGRA in children, we previously reported that approximately two-thirds of HIV-infected children with smear negative TB are IFN-γ ELISpot positive at presentation [12] . Our study suggests that with successful treatment (clinical improvement and weight gain at follow up visits), children who have a positive IFN-γ ELISpot response at presentation show reduced IFN-γ responses to the MTBspecific antigens at each follow-up time point. An early reduction in IFN-γ responses to MTB-specific antigens may provide a measure of reassurance to the treating physician and would be of practical relevance in a child co-infected with HIV and TB in whom assessing the clinical response to treatment may be problematic. In contrast, identifying children in whom IFN-γ responses remain persistently high or in whom responses increase, may alert the clinician earlier to the possibility of treatment failure as a result of drug-resistant TB or poor adherence to treatment. In our study, we observed one patient to be persistently culture positive two months into treatment. This was accompanied by a rapid increase in the IFN-γ response to CFP-10 (data not shown).
In agreement with the findings in our study, IFN-γ responses to PPD have been reported to increase during anti-tuberculous treatment in other studies. The reason behind this is currently unknown. Several authors have reported interesting differential decay kinetics to the individual MTB-specific antigens ESAT-6 and CFP-10. In a large study in Singapore, a significant reduction in median IFN-γ responses to CFP-10, but not ESAT-6 was found following six months of isoniazid preventive treatment [17] . Similarly, in another study, a significant reduction in IFN-γ responses to CFP-10 was found in 40 patients with active TB disease during anti-tuberculous treatment but there was no change in IFN-γ responses to ESAT-6 [26] .
In our study, we observed an apparent increase in IFNresponses to MTB-antigens from baseline at some point during anti-tuberculous treatment (resulting in a conversion from a negative to positive IFN-γ ELISpot assay result) in 12 children with definite or probable TB. This may be the result of ongoing MTB exposure or may illustrate the complexity of the underlying dynamic immune response at different time points during anti-tuberculous treatment. There are a number of limitations to our study. Firstly, the number of children with serial IFN-γ ELISpot results at each of the different time points was relatively small. Despite this, we were able to identify definite trends in MTB-specific immune responses during anti-tuberculous treatment. Secondly, we were unable to assess the influence of concomitant anti-retroviral treatment (ART) on IFN-γ ELISpot responses, as the study was not designed to explore this in any detail. However, only a minority of the children were on ART at diagnosis. Finally, the IFN-γ ELISpot assay used in the study, though similar to the commercial T.SPOT.TB assay, incorporating pools of peptides of ESAT-6 and CFP-10 as stimulatory antigens, was not a commercial version of the assay. However, a similar assay to the one used in this study, has been used in other published studies [33, 36] .
Conclusion
We have shown that in HIV infected children with definite or probable TB in whom an IFN-γ ELISpot assay is positive at presentation, anti-tuberculous treatment is accompanied by a reduction in IFN-γ responses to MTBspecific antigens. However, the clinical usefulness of serial IFN-γ ELISpot measurements to assess a successful response to anti-tuberculous treatment in HIV-infected children in a high TB incidence area appears limited.
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